The effect of sex, dietary fat source (lard vs palm oil), and glycerol inclusion in fattening diet on the composition, fatty acid distribution within the triglyceride (TAG) and slip point and textural parameters was studied on dry-cured hams subcutaneous fat. A marked effect of sex on saturated fatty acids (SFA) percentage was found with barrows showing higher values than gilts. No effect of dietary fat source on subcutaneous SFA or polyunsaturated fatty acids (PUFA) was observed. Dietary glycerol increased monounsaturated fatty acids and decreased total PUFA in subcutaneous fat. Besides, the possibility of altering fatty acid composition at the 2-position of the TAG by dietary intervention during the fattening phase is very limited. Partial restructuration was observed in external positions of the TAG. All these changes affected slip point and textural parameters. An increase of hardness when palm oil was used as dietary fat and a decrease in all textural parameters values when glycerol was included were observed.
Principal efforts of pork industry have been focused on decreasing the total amount of deposited fat in pigs and the modification of its fatty acid (FA) composition to better match the nutritional value for human diet and technological requirements. Quality of dry-cured hams and other meat products depends on lipid composition of the raw material for both their flavour development (Soto et al. 2010 ) and subsequent industrial processing (Hugo and Roodt 2007) .
Fatty acid composition is completely related to meat quality since it influences tissue firmness (Lopez-Bote et al. 2002; Hallenstvedt et al. 2012 ) and stickiness (Nishioka and Irie 2005) , shelf life, eating quality, and flavour (Lopez-Bote et al. 2002) . Generally, a high ratio of saturated (SFA) to doi: 10.17221/18/2016-CJAS polyunsaturated fatty acids (PUFA), fundamentally linoleic acid (C18:2n-6), improves most aspects of meat quality but may negatively influence the nutritional value. On the contrary, high C18:2n-6 and low SFA levels have been associated with low consistency, oiliness, and soft texture compromising technological and sensory quality of pork meat and meat products. Therefore, a number of feeding practices are implemented in different consortium rules aimed at the production of quality meat products, which emphasizes the importance of C18:2n-6 and SFA maintenance within certain limits in pig tissues (Candek-Potokar and Skrlep 2012) .
The subcutaneous fat (SF) is from ca. 95% composed of adipocytes (lipids storage) separated by a network of connective tissue fibres, predominantly collagen and small quantities of elastic and reticular fibres (Sumena et al. 2010) , which contribute to the texture features, mainly cohesiveness and toughness. It is fully accepted that FA composition of pig adipose tissue is dependent upon the FA profile of the diet (Mitchaothai et al. 2007 ). The C18:2n-6 concentration is currently controlled through the incorporation of saturated fats or ingredients that enhance endogenous fat synthesis in fattening diets (Farnworth and Kramer 1987) . Among saturated fats, lard and palm oil are frequently used because of their low C18:2n-6 concentration together with a high concentration of SFA and monounsaturated fatty acids (MUFA) (De Blas et al. 2013) . Glycerol is a co-product of the bio-fuel industry, which is now fully available for swine nutrition. It has been proven to enhance FA synthesis, thus reducing the concentration of C18:2n-6 in pig tissues (Mourot et al. 1994) , and increasing meat firmness (Schieck et al. 2010) .
Lard and palm oil are considered to be of similar nutritional value, but it is noticeable that location of FA within the triglyceride (TAG) is markedly different. While lard concentrates most C16:0 in the internal (sn-2) position, palm oil locates C16:0 in the external (sn-1 and sn-3) positions of the TAG (Small 1991; Innis and Nelson 2013) . This may be an aspect of interest, since the distribution of FA within the TAG may affect physical properties of adipose tissue (Smith et al. 1998; Segura et al. 2015b ) and recently implications with illnesses as obesity, diabetes or hypertension have been detected (Gouk et al. 2013) .
This research was undertaken to study the effect of diet on profile and positional distribution of FA within the TAG molecule of SF in dry-cured hams. Diets containing glycerol (which enhances de novo FA synthesis) and two fat sources (lard vs palm oil) differing in the FA distribution within the TAG were used in fattening gilts and barrows.
MATERIAL AND METHODS
Experimental design. The experiment was conducted using randomly selected 20 barrows and 20 gilts at 80 kg body weight. The female line (Syra, Gene+, Erin, France) used included blood from Large White, Landrace, and Duroc and the sire line was PIC L65 (PIC, Barcelona, Spain). Four finishing diets differing in the fat source (palm oil or lard) and the concentration of glycerol (0 vs 50 g/kg) were provided for 32 days until slaughter. All diets contained low concentration of C18:2n-6 (10 g/kg). Diets were provided for ad libitum consumption and were formulated according to the Spanish Foundation for the Development of Animal Nutrition (FEDNA) (De Blas et al. 2013) . The ingredient composition and the calculated (De Blas et al. 2013 ) nutrient content of the diets are shown in Table 1 . Dietary fatty acid distribution within the TAG of fat sources used in this experiment is shown in Table 2 .
The pigs were slaughtered at 110 (± 2.98) kg of body weight. The right thighs from each pig were obtained at cutting (24 h after slaughter) and processed in a traditional manner for approximately 12 months to produce a dry-cured ham, and were subsequently deboned. The SF at the level of biceps femoris muscle was carefully removed from each deboned dry-cured ham and samples were stored at 4°C until use.
Triglyceride purification. The total lipids of SF were extracted (Segura and Lopez-Bote 2014) and the TAG were purified by thin-layer chromatography (TLC) on silica gel plates (0.25 mm thickness) that were developed with hexane/ethyl ether/acetic acid (75 : 25 : 1 by volume). To detect the position of the TAG, the TLC plates were sprayed with primuline acetone/water (80 : 20 by volume) 0.05% solution. TAG fractions were scraped off the plates and eluted from silica with hexane/ethyl ether (95 : 5 by volume). In each case, the samples of purified TAG were analyzed by both gas chromatography and lipase hydrolysis (Perona and Ruiz-Gutierrez 2004) .
Lipase hydrolysis. For the positional analysis of TAG sn-2 fatty acids, 10 mg of purified TAG doi: 10.17221/18/2016-CJAS were hydrolyzed with 2 mg of pancreatic lipase in 1 ml of 1M Tris-HCl buffer (pH 8), 0.1 ml CaCl 2 (22%), and 0.25 ml deoxycholate (0.1%). The reaction was stopped when approximately 60% of the TAGs were hydrolyzed (1-2 min) by adding 0.5 ml of 6 N HCl. The lipids were extracted three times with 1.5 ml aliquots of ethyl ether, and the reaction products were separated by TLC (see above). Free fatty acids (FFA) and sn-2-monoacylglycerol bands representing the positions sn-1,3 and sn-2 of TAG were scraped off the plate and transmethylated (see below). The validity of the procedure was confirmed by comparing the fatty acid composition of the original TAG and those remaining after the partial hydrolysis.
Lipid analysis. Fatty acid methyl esters (FAME) were obtained from isolated lipids by heating the samples at 80°C for 1 h in 3 ml of methanol/toluene/H 2 SO 4 (88 : 10 : 2 by volume). After cooling, 1 ml of hexane was added and the samples were mixed. The FAME were recovered from the upper phase, separated, and quantified using a gas chromatograph (HP 6890 Series GC System; Hewlett Parkard, USA) equipped with flame ionization Nitrogen was used as a carrier gas. After injection at 170°C, the oven temperature was raised to 210°C at a rate 3.5°C/ min, then to 250°C at a rate of 7°C/min, and held constant for 1 min. The flame ionization was held at 250°C. The split ratio was 1 : 40. FAME peaks were identified by comparing their retention times with those of authentic standards (Sigma-Aldrich, USA). Slip point determination. Triplicate SF samples were independently collected from each dry-cured ham. Samples were melted at 80°C and drawn 1 cm into capillary tubes while still warm. Capillary tubes containing the samples were stored at 4°C overnight and then placed vertically in a chilled water bath. The temperature was increased gradually in the water bath (2°C/min). The temperature when the lipid began to move up the capillary tube was recorded (ISO 6321-2002) .
Moisture and water activity (a w ). Moisture was determined by drying the sample at 110°C to a constant weight and the results were expressed as percentage (AOAC 2006; method 950.46) . Water activity (a w ) was measured using a Decagon CX1 hygrometer (Decagon Devices Inc., USA) at 25°C.
Texture Profile Analysis (TPA). TPA was performed using a TA.XT2i SMS Texture Analyser (Stable Microsystems Ltd., UK) with the Texture Exponent programs. Textural tests were carried out at about 22°C. Briefly, three cylinders of 1 cm height and 1.5 cm diameter were prepared from each sample. A double compression cycle test was performed up to 50% compression of the original portion height with an aluminum cylinder probe of a 2-cm diameter. A time of 5 s was allowed to elapse between the two compression cycles. Force-time deformation curves were obtained with a 30 kg load cell applied at a crosshead speed of 2 mm/s. The following parameters were quantified (Bourne 1978) : hardness (N), maximum force required to compress the sample; springiness (m), ability of the sample to recover its original form after deforming force was removed; adhesiveness (N × s), area under the abscissa after the first compression; cohesiveness, extent to which the sample could be deformed prior to rupture; gumminess (N), force to disintegrate a semisolid meat sample for swallowing (hardness × cohesiveness); and chewiness (J), work required to masticate the sample before swallowing (hardness × cohesiveness × springiness).
Statistical analysis. Chemical and TPA analyses were carried out by triplicate. Response data were analyzed as a completely randomized design with dietary fat source, glycerol level and gender as main effects and their interactions, by using the GLM procedure of the SAS software (Statistical Analysis System, Version 9.2, 2009). A factorial arrangement was used for meat quality data (2 fat sources × 2 glycerol levels × 2 sexes). The experimental unit was the individual pig for meat quality traits (five pigs of each sex chosen at random). Duncan's test was used to separate treatment means.
RESULTS AND DISCUSSION
Moisture, a w , pH, and fatty acid profile. Expectedly, moisture values of the samples were around 4% and a w and pH around 0.8 and 5.8, respectively (Table 3) and were similar to values obtained by other authors (Romero de Avila et al. 2014) . As shown also in Table 3 , the three variables remained unaffected by sex (Sex) or dietary fat (Fat) although an interaction Sex × Fat was observed in moisture and a w . In gilts, an increase of moisture Tabilo et al. (1999) who found higher moisture in hams of female pigs, although Mitchaothai et al. (2007) did not find differences in pH, moisture or drip loss in pigs fed either beef tallow or sunflower oil. Glycerol inclusion in the diet led to a significant increase of a w and a decreasing tendency of pH of SF of dry-cured hams. Mourot et al. (1994) found a reduction in water and cooking losses in Large White pigs fed 5% glycerol from 30 to 100 kg of live weight. It was attributed to glycerol action on cell osmotic pressure, what could increase the water content. Thus, muscle fibres would be hyperhydrated reducing protein denaturation during heat treatment, which provides a benefit to meat processor. Kosmider et al. (2011) , who found a reduction in this parameter in meat from pigs fed glycerol, described similar results. An interaction sex vs glycerol inclusion (Gly) was observed in a w . Thus, barrows fed with glycerol showed higher values of a w than gilts. Differently from fresh fat, the SF composition of dry-cured ham is mainly based on TAG, phosphoglycerides, and a high concentration of monoglycerides and FFA due to lipolytic processes occurring during processing (Narvaez-Rivas et al. 2007 ). Effects of dietary treatment and sex on FA composition of total SF are shown in Table 4 . A marked effect of sex on total SFA was found, barrows showing higher values than gilts. The most marked effect induced by sex on SFA was observed for C14:0, C15:0, C16:0, C17:0, and C20:0 but no differences were observed for C18:0. Total and individual PUFA as C18:2n-6, C18:3n-3, C20:3n-6, and C20:4n-6 concentrations were higher in gilts when compared to barrows. No effect of sex was observed for MUFA and C18:1 isomers. Piedrafita et al. (2001) found that gender affected the proportion of FAs, as gilts showed a higher proportion of C18:2n-6 than barrows and barrows had lower proportion of unsaturated FA than gilts. Latorre et al. (2009) observed that in SF, C16:0, C18:0, and total SFA were higher and C18:2n-6 and total PUFA proportions were lower in barrows than in gilts. Nuernberg et al. (2005) also observed that SF from gilts had lower SFA and higher PUFA proportions than from barrows.
No effect of dietary fat source was observed on majoritarian FAs concentration. Besides, attending to glycerol dietary inclusion, a numerical increase of total MUFA and C18:1n-9 values and a decrease in total PUFA and C18:2n-6 concentrations were observed. Corresponding statistical tendencies (0.06 < P < 0.10) are shown in Table 4 . In agreement with this study, Mourot et al. (1994) observed that dietary glycerol increased C18:1n-9 and reduced C18:2n-6 in backfat and semimembranosus muscle tissue of pigs. Kijora et al. (1997) did not observe any significant change in the SFA profile of the backfat, but reported a moderate increase in C18:1n-9, accompanied by a decrease in C18:2n-6 and C18:3n-3 concentrations, thus producing a decline in the PUFA/MUFA ratio in backfat. That is to say that interactions Sex × Fat and Fat × Gly in individual and total PUFA concentrations were detected (Table 4 ). The lower concentration in barrows was more noticeable in animals fed palm oil and the glycerol inclusion in palm oil diet produced a higher decrease of PUFA concentration than the addition to lard diet. These results seemed expectable considering that the SFA/PUFA ratio in palm oil diet was higher than in the lard one.
Positional distribution analysis of fatty acid within triacylglyceride. It is known that FA are not esterified at random by the glycerol hydroxyl groups in animals. In contrast to other species, the TAG's sn-2 position of adipose tissue of pigs and also of human and pig milk is mainly occupied by C16:0 (Innis and Nelson 2013). Table 5 shows the concentration of main FA, total SFA, MUFA, and PUFA and unsaturation index (UI) in the whole TAG, in sn-2 and the average of 1-and 3-positions (sn-1,3). It can be observed that C16:0 is mainly located in the sn-2 position, while C18:0 esterifies the external positions of the TAG. Monounsaturated FAs (mainly C18:1) were preferentially located at the sn-1,3 position and PUFA (C18:2n-6) are almost at random located with slight preference for sn-1,3 position. Similar results were reported in different pig tissues and human milk and substitutes by Innis and Nelson (2013) .
It is noticeable that the significant differences in FA profile between sexes showed in Table 4 , which are in agreement with the literature, were not reflected in the whole TAG analysis (Table 5) . Lipolytic and oxidation reactions occurring during dry-curing process together with an increase of variability produced by the method of analysis could make the observed changes not significant. Nevertheless, the same behaviour was numerically observed when the position, where each FA was more abundant, was analyzed on its own. Interestingly, the increase of C16:0 and total SFA and the decrease of C18:2n-6 and total PUFA (all of them in sn-2) became again significant. On the other hand, no significant effect was observed in SF when dietary fat was considered (Table 4) . Nevertheless, as it can be seen in Table 5 , C16:0, C18:2n-6, total PUFA, and UI were affected in the whole TAG. It can be assumed that changes in dietary fat source should affect TAG composition (Mitchaothai et al. 2007) . After all biochemical reactions happening during dry-curing process, changes in dietary fat must be conserved in residual TAG and, therefore, detectable when TAG were previously isolated. Higher C18:2n-6 and total PUFA concentrations were found in animals fed a lard diet and such increase was fundamentally reflected in sn-1,3. C16:0 was higher in animals fed palm oil diet without any effect on the positions and also remarkable was the increase of C18:0 only in sn-1,3 position.
Although, as shown in Table 2 , a marked difference in FA composition in sn-2 exists between dietary lard and palm oil, FA profile of sn-2 position in stored lipids seems to be highly metabolically regulated and positional distribution proportions are constant despite dietary fat differences. Little information exists on this topic. Innis et al. (1997) provided diets differing in total FA composition and distribution within the TAG, they studied the liver lipids of piglets and reported a limited effect of dietary treatment, and therefore suggested metabolic regulation of FA composition in sn-2 position. Segura et al. (2015a) also found a limited effect of either sex or dietary treatment on the FAs located in the internal sn-2 position of pig SF. Gastric and pancreatic lipases hydrolyze FA from the external positions of the TAG. Lard contains about 25% C16:0 mainly located in the internal sn-2 position (approximately 70% of sn-2 FAs). In contrast, the C16:0 in palm oil is predominantly esterified at the 1,3 position, while C18:1 and C18:2n-6 FAs are located preferentially in the internal sn-2 position ( Table 2) . As a result, formation of FFA and 2-monoglycerides during the digestion of fat is markedly different depending on the dietary fat source (Innis and Nelson 2013) so that the rebuild of the TAG could not be convergent. In bovine tissue, dietary intervention has also been proven to alter FA in the external sn-1,3 position of the TAG rather than in the doi: 10.17221/18/2016-CJAS sn-2 location. Smith et al. (1998) observed that a depression in desaturase enzyme activity led to an increase of C18:0 concentration located in the external sn-1,3 position in bovine adipose tissue, but limited response was observed on sn-2.
Inclusion of glycerol in the diet did not produce any effect on positional distribution of FA within TAG (Table 5 ). This finding supports the theory that there is a limited possibility of altering FA composition at the sn-2 location of the TAG by dietary intervention during the fattening phase (Segura et al. 2015a ). This is a matter of interest, because it is believed that SFA in the sn-2 position have a more detrimental health effect than those located in the external sn-1,3 location (Berry 2009 ), thus negatively affecting pork consumer acceptability. Nevertheless, further studies are needed. Table 5 . Effect of gender (Sex), dietary fat source (Fat), and glycerol (Gly) inclusion on the fatty acid composition of dry-cured ham subcutaneous fat in the whole triglyceride (TAG), position 2 (Sn-2), and position 1,3 (Sn-1,3)
Sex
Fat Gly SEM (n = 5) (Table 3) . Daza et al. (2009) found no effect on slip point of outer, inner, and sub-inner subcutaneous backfat in Iberian pigs fed acorns or a formulated diet rich in C18:1n-9. Nevertheless, an interaction Sex × Fat in slip point was found (Table 3) . Thus, gilts fed palm oil diet showed higher values of this variable than barrows. The opposite change occurred in lard-fed animals. It has to be noted that the same interaction occurs for C18:2n-6 and total PUFA (Table 4 ). Opposite to feeding lard, there is a marked decrease of PUFA concentration in barrows fed palm oil. In general, higher proportions of C18:0 and lower of C18:2n-6 led to a harder fat and higher melting point (Lea et al. 1970) . Lopez-Bote et al. (2002) also found an increase on slip point when PUFA were substituted by MUFA. In slip point values, also an interaction Fat × Glycerol was detected. In animals fed diets containing palm oil, an increase in slip point value was found when glycerol was included (29.0 to 29.5°C) but the opposite occurred when lard was used. It is remarkable that, again, the same interaction was detected for C16:0, C18:2n-6, total PUFA, and UI (Table 4 ). In the case of palm oil diet, an increase of C16:0 and decrease of C18:2n-6 and total PUFA concentrations were found in SF when glycerol was present in the diet and in lard, total PUFA concentration remained almost unaltered while C16:0 concentration decreased; such changes could justify the observed slip point values.
Although Hallenstvedt et al. (2012) found that female pigs showed significantly higher firmness scores than male pigs, no differences due to sex in considered TPA properties were found in this study. Attending to dietary fat, hardness values were higher in fat from pigs fed palm oil diet than from those fed lard diet. Despite no effect was found in FA of SF due to different fat source, Segura et al. (2015b) confirmed that hardness and adhesiveness behaviour was influenced by FA positional distribution within the TAG molecule. In Table 5 , a plausible redistribution of FA depending on dietary fat was shown. In fact, animals fed diets containing palm oil showed higher concentration of C18:0 and lower of C18:2n-6 in sn-1,3 position, which could cause an increase of hardness value (Smith et al. 1998; Segura et al. 2015b) .
Glycerol inclusion in the diet caused a significant decrease in all considered values of rheological Table 6 . Effect of gender (Sex), dietary fat source (Fat), and glycerol (Gly) inclusion on the texture parameters of dry-cured ham subcutaneous fat. (Table 6 ). Possible factors that could help explain such behaviour could be, in first place, the increase of a w detected when glycerol was included in the diet. Serra et al. (2005) in biceps femoris muscle and Segura et al. (2015b) in SF of dry-cured ham found a negative correlation of hardness and chewiness with a w . Besides, the observed tendency to a lower final pH could be an indicative of a higher proteolysis that happened during processing when glycerol was added (Candek-Potokar and Skrlep 2012). Moreover, a higher a w implies less inhibition of enzymatic activity (Morales et al. 2007 ). In any case, collagen fibres and other protein matrixes would suffer longer proteolysis, which would affect the rheological properties. In springiness, Sex × Fat and Sex × Gly interactions were detected and a Sex × Fat interaction was observed in gumminess. Although there is no available information, such changes could be possibly related to the different behaviour of a w and total PUFA (the same interactions found) observed for gilts and barrows. Gilts fed palm oil showed higher values of a w and lower values of total PUFA than barrows; in lard, such differences were not detected. Springiness and gumminess were higher in palm-fed gilts than in barrows. To our knowledge, no direct dependence of springiness or cohesiveness on FAs has been previously described. In fact, Sumena et al. (2010) concluded that the contribution to such texture features was the network of connective tissue fibres, predominantly the collagen fibres and small quantities of elastic and reticular fibres, and not the adipocyte composition itself. Gumminess was also higher in gilts fed diets containing glycerol than in barrows while there were no such differences when glycerol was not included in the diet. More studies should be carried out to clarify such differences.
CONCLUSION
The combination of glycerol with different dietary fat sources could be a regulatory system of rheological properties of subcutaneous fat of dry cured ham without a remarkable effect on positional distribution of the fatty acids of the triglyceride molecule. The use of two fat sources with different fatty acid positional distribution but similar nutritional value (lard vs palm oil) caused a restructuration of fatty acids within the triglyceride molecule and, therefore, a change in rheological properties of subcutaneous fat. Dietary interventions could be another way to modify fat properties of dry-cured hams in order to develop different flavour, odour, and taste attributes. However, more research should be carried out.
